We recently reported that the leptin-induced increase in uncoupling protein 1 (UCP1) mRNA in brown adipose tissue (BAT) is prevented by the denervation of BAT. We also reported that retinoic acid (RA) increases UCP1 mRNA in BAT. To extend these finding to UCP2 and UCP3 in BAT, we examined UCP2 and UCP3 mRNA after unilateral denervation of BAT, as well as after leptin, 3 -adrenergic agonist, RA, and glucocorticoid administration to rats. UCP3 mRNA was 20% less in the denervated compared with the intact BAT, whereas UCP2 mRNA was unchanged with denervation. The 3 -adrenergic agonist, CGP-12177 (0·75 mg/kg), increased UPC3 mRNA by 40% in the innervated and by 85% in the denervated BAT. Leptin (0·9 mg/day for 3 days) increased both UCP2 and UCP3 mRNA by 30% in the innervated and, surprisingly, in the denervated BAT. RA (7·5 mg/kg) increased UCP1 mRNA but decreased UCP2 and UCP3 mRNA by 50%, whereas methylprednisolone (65 mg/kg, two doses 24 h apart) suppressed all three uncoupling proteins by greater than 60%. The present findings indicate that: sympathetic innervation is necessary to maintain basal levels of UCP3 mRNA; 3 -adrenergic agonist stimulation induces UCP3 mRNA; leptin induces UCP2 and UCP3 mRNA and this induction is not dependent on sympathetic innervation; RA increases UCP1 but decreases UCP2 and UCP3 mRNA; and methylprednisolone suppresses UCP1, UCP2, and UCP3 mRNA equally. These data suggest that there are distinct patterns of regulation between UCP1, UCP2, and UCP3, and there may be at least two modes by which leptin could modulate thermogenesis in BAT; first, by increasing sympathetic stimulation of BAT and induction of UCP1 mRNA and, secondly, by increasing UCP2 and UCP3 mRNA by a mechanism independent of sympathetic stimulation.
Introduction
Adaptive thermogenesis in brown adipose tissue (BAT) is an important contributor of the heat necessary to maintain body temperature (nonshivering thermogenesis) and for the regulation of body weight after hyperphagia (diet-induced thermogenesis) (Himms-Hagen 1990) . In rodents, thermogenesis in BAT is primarily mediated by sympathetically innervated 3 -adrenergic receptors and is facilitated by the presence of a specific mitochondrial uncoupling protein (UCP1) (Himms-Hagen 1990) . Sympathetic stimulation accelerates lipolysis, and the liberated fatty acids serve as substrates for mitochondrial oxidation and provide the signal to activate UCP1. This protein uncouples mitochondria, producing high rates of substrate oxidation and an increase in heat production without the phosphorylation of ADP (Klingenberg 1990) .
Recently, two additional uncoupling proteins, UCP2 and UCP3, have been identified , Fleury et al. 1997 , Vidal-Puig et al. 1997 . These uncoupling proteins have 59% and 57% homology respectively with UCP1, and 73% homology with each other (Fleury et al. 1997 , Vidal-Puig et al. 1997 . Similar to UCP1, both UCP2 and UCP3 can partially uncouple mitochondrial respiration (Fleury et al. 1997 , Gong et al. 1997 . The expression of UCP2 and UCP3, unlike UCP1, is not limited to BAT. UCP3 is expressed mainly in BAT and skeletal muscle, whereas UCP2 is widely expressed in many tissues, including white adipose tissue (WAT), heart, and muscle in both rodents and humans (Fleury et al. 1997 , Vidal-Puig et al. 1997 .
Whether UCP2 or UCP3 are involved in nonshivering or diet-induced thermogenesis is unclear. UCP2 in BAT is insensitive to fasting and refeeding but is increased in hereditary models of obesity . In BAT, UCP3, similar to UCP1, is increased following cold exposure or refeeding and decreased with food restriction or thermoneutral conditions . This pattern of regulation is consistent with a potential role for UCP3 in both cold-and diet-induced thermogenesis in BAT.
The expression of UCP1 has been extensively investigated . The primary stimulus is norepinephrine mediated by 1 -and 3 -adrenergic receptors, with a permissive role for thyroid hormone for the full induction of UCP1 by norepinephrine ). In addition, we and others have recently described the induction of UCP1 by leptin (Scarpace et al. 1997 , Kotz et al. 1998 ) and retinoic acid (RA) (Alvarez et al. 1995 , Puigserver et al. 1996 , Kumar & Scarpace 1998 . Whereas the induction of UCP1 by RA is believed to be mediated by an RA-response element present on the promotor region of the UCP1 gene (Alvarez et al. 1995 , Rabble et al. 1996 , we recently reported that the induction of UCP1 by leptin is prevented by the denervation of BAT, suggesting that the induction of UCP1 by leptin is indirect, mediated by the sympathetic nervous system .
In addition to UCP1, leptin increases UCP2 and UCP3 mRNA in BAT (Cusin et al. 1998 , Rouru et al. 1999 , Sivitz et al. 1999 . The mechanism, presumably, is similar to that for the induction of UCP1, mediated by sympathetic stimulation. However, there is one report indicating that 3 -adrenergic stimulation does not induce UCP3 (Gong et al. 1997) . Thus, the mechanism of the leptin induction of UCP3 in BAT is in doubt.
To determine if the leptin induction of UCP2 or UCP3 mRNA is dependent on sympathetic innervation and to further describe the induction of UCP2 and UCP3 in BAT, we examined UCP2 and UCP3 mRNA after unilateral denervation of BAT, as well as after leptin, 3 -adrenergic agonist, RA, and glucocorticoid administration to rats.
Materials and Methods

Animals
Six-month-old male (380 g) F-344 Brown Norway rats were obtained from Harlan Sprague-Dawley (Indianapolis, IN, USA). Upon arrival, rats were examined and remained in quarantine for 1 week. Animals were cared for in accordance with the principles of the Guide to the Care and Use of Experimental Animals. Rats were housed individually with a 12 h light:12 h darkness cycle (0700-1900 h). Ambient temperature was 26 C thermoneutrality for these rats (Scarpace et al. 1994) .
Surgical denervation
Rats underwent unilateral surgical denervation of the interscapular BAT under pentobarbital anesthesia according to the method of Bartness et al. (1986) . A transverse incision was made just anterior to the BAT, separating the BAT from the muscles of the scapulae. The BAT was raised to expose the five intercostal nerve bundles entering each pad. On one side, a section of each nerve bundle was removed with scissors. The rats were maintained on a heat pad until recovery from the anesthesia. Experiments were begun on the fourth day after unilateral denervation. In previous studies, denervation was verified in selected rats by assessing norepinephrine levels in the innervated compared with denervated BAT pads (Scarpace & Matheny 1996) . In all cases tested the denervation was successful (Scarpace & Matheny 1996) .
Experiment 1: denervation and 3 -adrenergic agonist administration
CGP-12177, a specific 3 -adrenergic agonist, was a gift from Ciba-Geigy (Summit, NJ, USA) and was prepared in pyrogen-free saline. Rats were administered either saline or CGP-12177 (0·75 mg/kg, i.p.) on the fourth day after unilateral denervation, and the rats were killed 5 h later.
Experiment 2: denervation and leptin administration
Rats were administered either saline or mouse leptin (Amgen, Thousand Oaks, CA, USA) by mini pump (0·9 mg leptin/day) for 3 days beginning on the third day after sham or unilateral denervation of the BAT. Osmotic mini pumps (model 1003D; Alzet, Palo Alto, CA, USA), three per rat, were implanted subcutaneously along the back of the rats. Control rats were pair fed to the amount of food consumed by the leptin-treated rats. The pair-fed rats began the experiment 1 day later, and were provided with the amount of food consumed the previous day by the leptin-treated rats. The latter were allowed access to food ad libitum. Rats were killed on the morning of the third day after mini pump implantation corresponding to the sixth day after denervation.
Experiment 3: RA and glucocorticoid administration
All-trans-retinoic acid (Sigma Chemical, St Louis, MO, USA) was prepared in 50% dimethylsulfoxide, 50% ethanol. A single dose of RA (7·5 mg/kg) was administered, and the rats were killed 5 h later. Methylprednisolone sodium succinate (The Upjohn Co., Kalamazoo, MI, USA) was administered in two doses (65 mg/kg, i.p.) 24 h apart, and the rats were killed 5 h after the last dose.
Tissue harvesting
Rats were killed by cervical dislocation under 85 mg/kg pentobarbital anesthetic. The circulatory system was perfused with 20 ml cold saline and the interscapular BAT excised. BAT was rapidly frozen in liquid nitrogen and stored at 70 C until analysis.
UCP2 and UCP3 mRNA levels
Total cellular RNA was extracted using a modification of the method of Chomczynski & Sacchi (1987) . The integrity of the isolated RNA was verified using agarose gels (1%) stained with ethidium bromide. The RNA was quantified by spectrophotometric absorption at 260 nm using multiple dilutions of each sample.
The cDNA probe (IMAGE 389584) to detect UCP2 was provided by C H Warden (Fleury et al. 1997) , and the UCP3 cDNA was provided by J-P Giacobino . The cDNAs were labeled using a random primer kit (Prime-a-Gene; Promega, Madison, WI, USA). For mRNA analysis, multiple concentrations of the RNA were immobilized on nylon membranes using a dot blot apparatus (Biorad, Richmond, CA, USA). The membranes were baked at 80 C for 2 h. The baked membranes were prehybridized using 25 mM potassium phosphate, 750 mM NaCl, 75 mM Na citrate, 5 Denhardt's solution, 50 µg/ml denatured salmon sperm DNA, and 50% formamide. After incubation for 14-16 h at 42 C, the membranes were hybridized with 32 P-labeled probes in the prehybridization buffer plus 10% dextran sulfate. After hybridization for 14-16 h at 42 C, the membranes were washed and exposed to a phosphor imaging screen for 48 h. The latent image was scanned using a Phosphor Imager (Molecular Dynamic, Sunnyvale, CA, USA) and analyzed by Image Quant Software (Molecular Dynamics). Intensities per µg total cellular RNA were calculated by comparison with internal laboratory standards of WAT or BAT mRNA present on each nylon membrane. In some cases, nylon membranes probed for UCP2 or UCP3 mRNA were stripped by brief exposure to boiling water and rehybridized with probes for -actin or 3 -adrenergic receptor mRNA.
Statistical analysis
Data were analyzed by one-way or two-way ANOVA. When the main effect was significant, a post-hoc test was applied to determine individual differences between means.
Results
Denervation and 3 -adrenergic agonist administration
The interscapular BAT on one side was surgically denervated and the contralateral side was sham-operated. On the fourth day after surgery, there were no significant differences between UCP2 mRNA levels in the intact compared with the denervated BAT pads (Fig. 1, top) . In contrast, UCP3 mRNA levels were 20% less in the denervated compared with the intact BAT pad (Fig. 1,  bottom) . Moreover, following stimulation with the specific 3 -adrenergic agonist, CGP-12177, UCP3 mRNA levels were increased by 40% in the intact BAT pads and by 62% in the denervated BAT pads (Fig. 1, bottom) . In contrast, UCP2 mRNA was unchanged in the intact BAT pads Figure 1 UCP2 mRNA levels (top) and UCP3 mRNA levels (bottom) in BAT following administration of saline (solid bars) or the 3 -adrenergic agonist CGP-12177 (hatched bars) to rats in which the BAT had been unilaterally denervated 4 days earlier.
Data represent the means S.E. of eight rats per group. Data represent arbitrary units/µg RNA with the values for UCP2 and UCP3 mRNA levels in the innervated BAT pad from the saline-treated rats arbitrarily set at 100 with S.E. adjusted proportionally. *P=0·009 (UCP2) or P=0·0001 (UCP3) for difference with CGP-12177 by two-way ANOVA. P=0·024 (UCP2) or P<0·0002 (UCP3) for difference from corresponding control. †P=0·019 (UCP3) for difference with denervation by two-way ANOVA. P=0·004 for difference from saline-treated innervated BAT.
following CGP-12177 administration, whereas there was a small increase in the denervated BAT pads (Fig. 1, top) .
Denervation and leptin administration
We previously reported that leptin infusion increases UCP1 mRNA levels in BAT and that this increase is dependent on sympathetic innervation . To determine if any leptin-induced increases in UCP2 or UCP3 mRNA are dependent on sympathetically innervated BAT, we examined a 3-day infusion of leptin on UCP2 and UCP3 mRNA in unilateral denervated BAT. As reported previously, leptin decreased food intake by 30% on day 1 and by 56% on days 2 and 3 of leptin treatment . For this reason, control rats were pair fed to the daily amount of food consumed by the leptin-treated rats. Following leptin infusion, there was a 30% increase in both UCP2 and UCP3 in the intact BAT pads (Fig. 2) . Surprisingly, in the denervated BAT pads, there was a 57% increase in UCP2 and a 76% increase in UCP3 with leptin treatment (Fig. 2) . Because -actin mRNA is altered by pair feeding, we reprobed for 3 -adrenergic receptor mRNA. Neither leptin nor denervation altered 3 -adrenergic receptor mRNA (data not shown).
RA and glucocorticoid administration
We previously reported that RA induces UCP1 gene expression in BAT (Kumar & Scarpace 1998 ). For comparison, the effects of RA were determined on UCP2 or UCP3 mRNA in BAT. In contrast to the increase in UCP1 mRNA levels following RA administration, UCP2 and UCP3 mRNA levels decreased by approximately 50% (Fig. 3) . It is well known that glucocorticoids decrease UCP1 mRNA levels in BAT. For comparison, the effects of methylprednisolone were determined on UCP2 and UCP3 mRNA levels in BAT. Similar to UCP1 mRNA, there was a greater than 60% decrease in UCP2 and UCP3 mRNA levels (Fig. 3) . In contrast to the changes in UCP2 or UCP3 mRNA levels, administration of RA or methylprednisolone did not significantly change levels of -actin mRNA compared with controls (data not shown).
Discussion
The recent identification of two new uncoupling proteins, UCP2 and UCP3, have renewed interest in adaptive thermogenesis, especially because these uncoupling protein are found in humans . Moreover, the presence of UCP2 and UCP3 in a variety of tissues have extended the domain of uncoupling proteins to beyond BAT and the role of mitochondrial futile cycles beyond that of heat production and compensation for dietary excess. For example, it has been proposed that UCP2 may play a role in the maintenance of low levels of oxygen and oxygen radicals . UCP3, a possible contributor to thermogenesis in BAT, may also regulate
Figure 2 UCP2 mRNA levels (top) and UCP3 mRNA levels (bottom) in BAT in 3-day leptin-treated or pair-fed rats in which the BAT had been unilaterally denervated 6 days earlier. Data represent the means S.E. of eight rats per group. Data represent arbitrary units/µg RNA with the values for UCP2 and UCP3 mRNA levels in the innervated BAT pad from the pair-fed rats arbitrarily set at 100 with S.E. adjusted proportionally. *P=0·0001 (UCP2) or P=0·0005 (UCP3) for difference with leptin by two-way ANOVA. P<0·05 for difference from corresponding control. †P=0·02 for difference with denervation by two-way ANOVA. P=0·05 for difference from saline-treated innervated BAT.
futile cycles in muscle in response to energy demands ).
The present study has focused on the induction of UCP2 and UCP3 in BAT, in particular the role of sympathetic innervation and the induction by leptin. Unilateral denervation of BAT for 4 days diminished UCP3 mRNA in the denervated compared with the innervated BAT. This indicates that sympathetic stimulation is necessary to maintain UCP3 mRNA levels. Moreover, because these animals were maintained at thermoneutrality, it is unlikely that denervation simply eliminated any environmentally induced sympathetic stimulation of BAT and more likely that sympathetic stimulation is necessary for basal expression of UCP3. Furthermore, the 3 -adrenergic agonist CGP-12177 induced UCP3 mRNA in both the innervated and denervated BAT pads to an equal extent. These results suggest two things. First, the denervated BAT pads retain their ability to respond to stimulation and, secondly, the 3 -adrenergic agonist induces UCP3 mRNA in addition to UCP1 mRNA. This is in contrast to an earlier report that found no increase in UCP3 in BAT following administration of the 3 -adrenergic agonist CL 316243 (Gong et al. 1997 ), but consistent with another report demonstrating an increase in UCP3 mRNA in BAT with the 3 -adrenergic agonist Ro 16-8714 .
In contrast to the finding with UCP3, there were no significant differences between UCP2 mRNA levels in the innervated and denervated BAT pads. These results were after 4 days of denervation (experiment 1). After 6 days of denervation (experiment 2), there was significantly less UCP2 mRNA in the denervated BAT pad compared with the innervated pad. However, this particular experiment was complicated in that these rats were pair fed to the amount of food consumed by the leptin-treated rats. Thus, pair feeding or denervation or both could have contributed to the decrease in UCP2 mRNA. Nevertheless, these observations, coupled with the small increase in UCP2 mRNA in the 4-day denervated BAT pad with 3 -adrenergic administration, suggest that UCP2 induction may be regulated by sympathetic or 3 -adrenergic stimulation. However, any induction is slight compared with the induction of either UCP3 (present report) or UCP1 mRNA by -adrenergic stimulation .
Leptin is one factor involved in body weight maintenance, and this hormone contributes to the regulation of both food intake and energy expenditure (Halaas et al. 1995 , Pellymounter et al. 1995 , Scarpace et al. 1997 . Several reports have indicated that leptin increases UCP2 or UCP3 mRNA in BAT compared with ad libitum-fed or pair-fed rats (Cusin et al. 1998 , Rouru et al. 1999 , Sivitz et al. 1999 . Leptin increases sympathetic nerve activity to BAT (Haynes et al. 1997) as well as norepinephrine turnover in BAT (Collins et al. 1996) . Moreover, we reported that surgical denervation of BAT prevents the leptin-induced increase in UCP1 gene expression . The present study extends these previous findings by examining the role of sympathetic innervation on the leptin induction of UCP2 and UCP3 mRNA. However, in contrast to UCP1, the leptin induction of UCP2 and UCP3 mRNA was independent of sympathetic innervation. Leptin increased UCP2 and UCP3 in both the innervated and denervated BAT pads. These data suggest that leptin may have a direct effect on BAT to increase UCP2 or UCP3 mRNA. The long form of the leptin receptor and leptin-stimulated signal transduction has been identified in BAT (Siegrist-Kaiser et al. 1997) and could potentially mediate the leptin induction of UCP2 or UCP3. Alternatively, the increases in UCP2 and UCP3 may be indirect, mediated by other modulators of UCP2 and UCP3. For example, leptin may alter the level of free fatty acids, one proposed regulator of UCP3 . The present data coupled with our previous data on the leptin regulation of UCP1 suggest that there are at least two modes by which leptin may modulate uncoupling proteins in BAT: first, by increasing sympathetic stimulation of BAT and induction of UCP1 mRNA and, secondly, by increasing UCP2 and UCP3 mRNA by mechanisms independent of sympathetic stimulation. , and UCP3 mRNA levels in the control rats arbitrarily set at 100 with S.E. adjusted proportionally. *P<0·001 for differences with RA from vehicle controls by one-way ANOVA. †P<0·001 for differences with MP from vehicle controls by one-way ANOVA.
The increase in UCP2 after 3 days of leptin in the present study and after 2-4 days in other reports (Cusin et al. 1998 , Rouru et al. 1999 , Sivitz et al. 1999 ) is in contrast to our previous report of unchanged UCP2 in BAT after 7 days of leptin treatment ). This suggests that there is a biphasic temporal regulation of UCP2 by leptin. A similar biphasic regulation for UCP2 was also reported following cold exposure, with an increase in UCP2 mRNA after 3 days followed by return to control levels by 6 days of cold exposure (Lin et al. 1998) .
In addition to sympathetic stimulation and leptin, all-trans-RA, one of the active metabolites of vitamin A, has recently been identified as another inducer of UCP1 gene expression (Alvarez et al. 1995 , Puigserver et al. 1996 . We previously demonstrated that RA increases UCP1 mRNA in BAT whereas leptin mRNA levels were decreased in WAT (Kumar & Scarpace 1998) . In the present study, we found that UCP2 and UCP3 mRNA demonstrated the opposite regulation from UCP1 following RA administration. RA decreased UCP2 and UCP3 mRNA by greater than 50%. The mechanism for this decrease is unknown but may be consistent with the RA-induced decrease in leptin gene expression. Increased leptin is associated with an increase in UCP2 and UCP3 mRNA in BAT, and any RA-induced decrease in leptin expression may result in diminished stimuli for UCP2 and UCP3 gene expression. This argument does not apply to UCP1, because RA directly activates UCP1 gene expression due to the presence of an RA-response element on the UCP1 gene (Alvarez et al. 1995 , Rabble et al. 1996 .
In addition to the suppression by RA, we also found that the glucocorticoid, methylprednisolone, suppressed UCP2 and UCP3 to an extent equal to that of UCP1. Glucocorticoids have long been know to contribute to an increase in body weight (Himms-Hagen 1990) . One possible mechanism is the suppression of thermogenesis in BAT from both a decrease in UCP1 gene expression and suppression of -adrenergic signal transduction (Scarpace et al. 1988 , Kumar & Scarpace 1998 . In addition, the present data indicate that another potential contributor to the glucocorticoid suppression of BAT thermogenesis is decreased UCP2 and UCP3 mRNA levels.
In summary, the present findings indicate that: (1) sympathetic innervation is necessary to maintain basal levels of UCP3 mRNA; (2) the 3 -adrenergic agonist CGP-12177 induces UCP3 mRNA; (3) leptin induces UCP2 and UCP3 mRNA and this induction is not dependent on sympathetic innervation; (4) RA, in contrast to its stimulatory effect on UCP1, decreases UCP2 and UCP3 mRNA; and (5) methylprednisolone suppresses UCP1, UCP2, and UCP3 mRNA equally. These data suggest that there are distinct patterns of regulation between UCP1 and the newly discovered UCP2 and UCP3. Efficacy by sympathetic stimulation is in the order: UCP1> >UCP3> >UCP2 and stimulation by RA is in the opposite direction for UCP2 and UCP3 compared with UCP1. Finally, there may be at least two modes by which leptin may modulate thermogenesis in BAT: first, by increasing sympathetic stimulation of BAT and the induction of UCP1 mRNA and, secondly, by increasing UCP2 and UCP3 mRNA by mechanisms independent of sympathetic stimulation.
